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ABSTRACT 

A wide v a r i e t y  of t r a j e c t o r i e s  f o r  t h e  s p e n t  S-IVB 
s t a g e  i s  p o s s i b l e  f o r  t h e  Apollo 1 6  and 17  missions.  The 
s i m p l e s t  of these a r e  t h e  d i rec t  impact t r a j e c t o r i e s  t h a t  
impact t h e  moon on t h e  t r a n s l u n a r  l e g  of t h e  t r a j e c t o r y  a s  
was done dur ing  Apollo f l i g h t s  1 3  t o  1 5 .  Impacts on a l i m i t e d  
p o r t i o n  of t he  back of the  moon are p o s s i b l e  us ing  t h e s e  t ra -  
j e c t o r i e s  w i th  only a moderate decrease  i n  accuracy of impact 
l o c a t i o n .  I t  i s  a l s o  poss ib l e  t o  des ign  t h e  t r a j e c t o r i e s  so 
t h a t  t h e  S-IVB impact i s  v i s i b l e  from t h e  CSM i n  real  t i m e .  

Delayed impact t r a j e c t o r i e s ,  i n  which t h e  moon makes 
one o r  more r evo lu t ions  i n  i t s  o r b i t  be fo re  S-IVB impact a r e  
also poss ib l e .  E i t h e r  f r o n t  o r  back s i d e  impacts can be 
achieved. Delayed impact t r a j e c t o r i e s  have t h e  advantage 
t h a t  t h e  seismometer can measure t h e  impact of t h e  S- IVR t h a t  
c a r r i e d  it. However, these  t ra jec tor ies  are extremely sen- 
s i t i v e  t o  guidance e r r o r s ,  and a d d i t i o n a l  o r b i t a l  c o r r e c t i o n s  
would have t o  be provided t o  make them p r a c t i c a l .  
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I. In t roduc t ion  

The spen t  S-IYB s t ages  of Apollo f l i g h t s  13 t o  1 5  
w e r e  t a r g e t e d  t o  impact the moon. The seismic s i g n a l s  from 
these impacts as recorded on the  l u n a r  seismometers produced 
a g r e a t  d e a l  of information about  t h e  moon a s  w e l l  a s  s e r v i n g  
as a ca l ib ra t ion  for  t h e  seismometers. S i m i l a r  o p p o r t u n i t i e s  
for  S-IVB impact w i l l  e x i s t  f o r  Apollo 1 6  and 1 7 .  T h i s  memo- 
randum is  a r e p o r t  on a study of p o s s i b l e  impact t r a j e c t o r i e s  
for these miss ions ,  inc luding  those  t h a t  impact t h e  .back s ide 
of the  moon. 

A t y p i c a l  procedure fo r  c o n t r o l l i n g  t h e  S-IVB t r a -  
j e c t o r y  t o  produce a luna r  impact is  descr ibed  i n  References 
1 and 2. A t i m e l i n e  taken from t h e  r e fe rences  i s  shown i n  
F igure  l a .  T h e  evas ive  maneuver shown beginning a t  1 hour and 
42 minutes a f t e r  TLI i s  accomplished wi th  the S-IVB APS, t h e  
v e l o c i t y  impulse (AV) equal ing 1 0  f p s .  T h e  LOX dump begins  
2 hours and 5 minutes a f t e r  T L I ,  and produces a A V  of 2 8  f p s .  
The APS-1 maneuver begins  2 hours  and 49 minutes a f t e r  T L I ,  
and produces a AV of 33 f p s .  The AV f o r  t h e  APS-2 maneuver 
occurs  6 hours  and 34 minutes a f t e r  T L I ,  b u t  was assumed t o  
equa l  zero.  Tracking f rom t h e  ear th  a f t e r  each maneuver i s  
used t o  determine t h e  o r i e n t a t i o n  and du ra t ion  of t h e  nex t  burn. 

11. Reference Tra j ec to ry  

t h e  r e s u l t s  should a l s o  apply t o  Apollo 1 7  a s  they are n o t  very 
mission dependent. The t r a j e c t o r y  w a s  ob ta ined  by making a 
mission s imula t ion  w i t h  parameters appropr i a t e  f o r  Apollo 1 6  
us ing  BCMASP. T h e  s i g n i f i c a n t  characterist ics of t h i s  t ra jec-  
t o r y  are: 

T h e  Apollo 1 6  t r a j e c t o r y  w a s  used i n  t h i s  s t u d y ,  b u t  
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Launch Date 
Launch T i m e  (GMT) 
I n j e c t i o n  Type 
Launch Azimuth 
Landing S i t e  
Landing Approach Azimuth 
Sun E leva t ion  a t  Landing 
Translunar  energy pe r  

u n i t  m a s s  

March 1 7 ,  1972 
1 9  Hours, 23 Min., 2 4 . 9  Sec. 
P a c i f i c  
80" 
Descartes 
-91O 
9O 

- 9 , 6 6 1 , 0 0 0  f t  /sec 2 2 

An unperturbed S-IVB t r a j e c t o r y  ( i l l u s t r a t e d  i n  
F igure  l b )  i s  taken t o  be t h e  same as t h e  r e fe rence  CSM t ra-  
j e c t o r y  wi th  no powered maneuvers a f t e r  T L I .  The s t a t e  v e c t o r  
a t  T L I  w a s  used as t h e  s t a r t i n g  p o i n t  f o r  t h e  S-IVB t r a j e c t o r y  
i n t e g r a t i o n .  Figure l b  a l s o  shows t h e  d i r e c t i o n  of a v e c t o r  
p o i n t i n g  t o  t h e  sun when the S-IVB i s  a t  p e r i s e l e n e  i n  t h e  un- 
per turbed  t r a j e c t o r y .  This  vec to r  r o t a t e s  clockwise a t  a ra te  
of about  1 2  degrees  p e r  day. 

A s p e c i a l  coord ina te  system w a s  used t o  d i s p l a y  t h e  
r e s u l t s  of t h e  computer s imula t ions  i n  a meaningful way. I n  
t h i s  system t h e  x-axis p o i n t s  from t h e  e a r t h  t o  t h e  moon a t  
t h e  t i m e  t h a t  t h e  S-IVB reaches p e r i s e l e n e  i n  t h e  unperturbed 
t r a j e c t o r y .  The y-axis l ies  i n  t h e  l u n a r  o r b i t a l  p lane  per-  
pend icu la r  t o  t h e  x-axis and d i r e c t e d  approximately i n  t h e  
d i r e c t i o n  of t h e  moon's v e l o c i t y  vec to r .  The z-axis completes 
t h e  right-handed coord ina te  system. The o r i g i n  i s  l o c a t e d  i n  
t h e  e a r t h  o r  i n  t h e  moon f o r  geocen t r i c  or s e l e n o c e n t r i c  p l o t s ,  
r e s p e c t i v e l y .  

111. D i s D e r s i o n  Analvsis of I m D a c t  P r e d i c t i o n  

The error i n  impact l oca t ion  w a s  determined by making 
use  of t h e  information given i n  Reference 2 ,  t h a t  t h e  35  error 
a f t e r  t he  APS-2 burn i s  an e l l i p s e  on t h e  luna r  s u r f a c e  ex tending  
'50 km i n  l a t i t u d e  and f 6 0  km i n  longi tude .  (The Apollo 15  
r e s u l t s  have c a s t  some doubt on t h e  v a l i d i t y  of t hese  f i g u r e s ,  
b u t  t hey  are s t i l l  u s e f u l  as a comparison of one t r a j e c t o r y  w i t h  
another.)  The e l l i p s e ,  shown i n  F igure  2 ,  w a s  propagated back- 
ward along t h e  t r a j e c t o r y  and  converted t o  equ iva len t  AV's a t  
t h e  APS-2 po in t .  

F i r s t  a b a s i c  t r a j e c t o r y  having an impact loca t ion  of 
-lo l a t i t u d e  and -33O longi tude  w a s  ob ta ined  by a d j u s t i n g  t h e  AV 
a t  t h e  LOX dump p o i n t ,  wi th  t h e  AV's f o r  t h e  evas ive ,  t h e  APS-1, 
and t h e  APS-2 maneuvers a l l  set  equa l  t o  zero. This t r a j e c t o r y  
w a s  s e l e c t e d  because it i n t e r s e c t e d  t h e  moon's su r f ace  n e a r l y  
v e r t i c a l l y .  The impact l oca t ion  f o r  t h i s  t r a j e c t o r y  i s  shown 
i n  t h e  c e n t e r  of t he  e l l i p s e  of F igure  2 .  The AV a t  t h e  APS-2 
p o i n t  was then ad jus t ed  so t h a t  t h e  r e s u l t i n g  t r a j e c t o r i e s  impact 
on t h e  circumference of t h e  e r r o r  e l l i p s e .  Three mutually or tho-  
gonal d i r e c t i o n s  of t h e  impulse w e r e  used,  and a r e  shown i n  Table I: 
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TABLE I 

SYmbOl Descr ip t ion  Magnitude 

Pa ra l l e l  t o  v e l o c i t y  v e c t o r  k . 7 0  f p s  AvV 

Avr Perpendicular  t o  v e l o c i t y  
v e c t o r  and i n  the p lane  of 
t h e  o r b i t .  Po in t s  t o  t h e  
r i g h t .  

f 2 . 6 2  f p s  

Pa ra l l e l  t o  t h e  momentum v e c t o r  '1.95 f p s  "h 

To o b t a i n  t h e  error e l l i p s e  f o r  a s p e c i f i c  t r a j e c t o r y  
t h e  above process  was reversed .  S i x  per turbed  t r a j e c t o r i e s  w e r e  
calculated using t h e  above values  and d i r e c t i o n s  of t h e  A P S - 2  AV. 
The error  e l l i p s e  was then drawn through t h e  r e s u l t i n g  s i x  impact 
l o c a t i o n s .  

I V .  P o s s i b l e  S-IVB Trajectories 

Figure 3 shows t h e  t r a j e c t o r i e s  which r e s u l t  when t h e  
AV a t  t h e  LOX dump p o i n t  v a r i e s  from -200 t o  +150 f p s .  The 
d i r e c t i o n  of t h e  AV v e c t o r  was made p a r a l l e l  t o  t h e  v e l o c i t y  
v e c t o r ,  s ince,  a s  i n d i c a t e d  i n  Table I ,  t h i s  i s  approximately 
t h e  d i r e c t i o n  of maximum s e n s i t i v i t y .  A p o s i t i v e  AV r e p r e s e n t s  
a v e c t o r  po in t ing  i n  t h e  same d i r e c t i o n  as t h e  v e l o c i t y  vec to r .  
The t o t a l  AV a v a i l a b l e  is est imated a t  f l O O  f p s ,  b u t  t h e  range 
was en la rged  t o  cover cases  f o r  which more p r o p e l l a n t  than ex- 
pec ted  i s  a v a i l a b l e  a f t e r  TLI .  The qeocen t r i c  energy p e r  u n i t  
mass varies from -12.5 x l o 6  f t 2 / s e c  
-7.3 x l o 6  f t 2 / s e c 2  f o r  AV = +150 f p s .  

f o r  AV = -200 f p s  t o  

Figure 3a i s  a l a r g e  s c a l e  p i c t u r e  of  e i g h t  t r a n s l u n a r  
approach o r b i t s  ( i n d i c a t e d  as a s i n g l e  curve) and t h e  p o s t  en- 
coun te r  trajectories.  A d e t a i l  of t h e  encounter  p o r t i o n  of t h e  
o r b i t s  i s  given i n  Figure 3b. 
shown as a d o t t e d  l i n e  i n  both  f i g u r e s .  
l u n a r  o r b i t  of Figure 3b i n d i c a t e  t h e  p o s i t i o n s  occupied by t h e  
moon when t h e  S-IVB i s  a t  p e r i s e l e n e  f o r  t h e  va r ious  A V ' s  used. 
When AV = -200 f p s ,  t h e  r e s u l t i n g  t r a j e c t o r y  has  such a low energy 
t h a t  it does n o t  reach t h e  o r b i t  of t h e  moon a t  a l l ,  and t h e  ef-  
fec t  of  t h e  luna r  encounter  is  s l i g h t .  The post-encounter p o r t i o n  
of t h e  o r b i t  is  shown i n  Figure 3a as a r e l a t i v e l y  smal l  e l l i p s e  
having a per iod  of 9 . 7  days. 
encounter  t r a j e c t o r i e s  extend w e l l  beyond t h e  l u n a r  o r b i t  and 
post-encountfr  e l l i p s e s  have per iods  of 13.4 and 26 .0  days res- 
p e c t i v e l y .  When AV = -50 f p s ,  a so -ca l l ed  s l i n g - s h o t  t r a j e c t o r y  
r e s u l t s ,  t h a t  i s ,  one which h a s  gained enough energy from t h e  

The moon moves along an o r b i t  
The p o i n t s  shown on t h e  

When AV = -150 and -100 f p s ,  t h e  
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encounter  t o  become hyperbol ic .  When AV = 0 ,  t h e  t r a j e c t o r y  
i s  t h e  unperturbed one shown i n  F igure  1. The pe r iod  of t h e  
post-encounter e l l i p s e  i s  2 7 . 1  days,  and t h e  pe r igee  d i s t a n c e  
e q u a l s  about  1 0  e a r t h  r a d i i .  

T r a j e c t o r i e s  f o r  which AV = 5 0 ,  100 and 150  f p s  a r e  
shown i n  Figure 3b only.  Af te r  l u n a r  encounter ,  t hese  t r a j e c -  
tories a l l  l i e  i n  p lanes  which a r e  a lmost  perpendicular  t o  t h e  
l u n a r  o r b i t a l  plane.  They a r e  a l l  very  e c c e n t r i c  wi th  s e m i -  
minor axes of t h e  o r d e r  of 5 e a r t h  r a d i i ,  and they a l l  impact 
t h e  e a r t h  on t h e  r e t u r n  l e g  of t h e  t r a j e c t o r y .  Only t h e  outward 
l e g  of t h e  t r a j e c t o r i e s  having AV = 1 0 0  and 150  f p s  i s  shown i n  
F igure  3b. The apogee d i s t a n c e s  f o r  t h e s e  two t r a j e c t o r i e s  
e q u a l s  1.36 x l o 9  and 1 . 5 2  x l o 9  f t  r e s p e c t i v e l y .  

Figure 4 shows the  same t ra jec tor ies  a s  Figure 3 
b u t  p l o t t e d  us ing  s e l e n o c e n t r i c  i n s t e a d  of geocen t r i c  coordi-  
n a t e s .  I n  t h i s  coord ina te  system t h e  moon occupies  a f i x e d  
p o s i t i o n  a t  t h e  o r i g i n ,  and grazing and impact t r a j e c t o r i e s  
are m o r e  e a s i l y  v i s u a l i z e d  than i n  t h e  geocen t r i c  coord ina te  
system. Near graz ing  t r a j e c t o r i e s  are obta ined  when AV equa l s  
0 and -50 f p s ,  and t h e s e  have clockwise and counter-clockwise 
d i r e c t i o n s  r e s p e c t i v e l y .  AV's o u t s i d e  t h i s  range r e s u l t  i n  
trajectories t h a t  have g r e a t e r  p e r i s e l e n e  d i s t a n c e s  and a r e  
per turbed  less by t h e  moon. The  s e l e n o c e n t r i c  energy p e r  u n i t  
mass increases from 3.6 x l o 6  t o  6 . 4  x l o 6  f t 2 / s e c 2  when t h e  
AV v a r i e s  from -200 t o  +150 fps .  Figure 4b shows i n  d e t a i l  
t h e  t w o  g raz ing  t r a j e c t o r i e s  mentioned above, and also t h e  tra- 
jectories which impact t h e  moon when t h e  AV has a va lue  between 
-2.5 and -48 f p s .  Impacts on the  back s i d e  of the moon occur  
i n  t h e  range -15 < AV < -2.5 f p s .  The f a r t h e s t  e a s t e r n  long i tude  
a t t a i n a b l e  i s  about 6 0  degrees.  Addi t iona l  information about  
t h e s e  t r a j e c t o r i e s  i s  given i n  Sec t ion  V. 

The curves of Figure 4a e x h i b i t  a g r e a t e r  r e g u l a r i t y  
than t h e  same t r a j e c t o r i e s  shown i n  F igure  3. For example, t h e  
s l i n g s h o t  t r a j e c t o r y ,  which i n  Figure 3 i s  a n  e n t i r e l y  d i f f e r e n t  
type  of t r a j e c t o r y  from t h e  e l l i p s e s  shown the re ,  appears  i n  
F igu re  4a a s  a l o g i c a l  member of a family of t r a j e c t o r i e s  which 
are d e f l e c t e d  by t h e  moon i n  inc reas ing  amounts a s  t h e  d i s t a n c e  
t o  t h e  moon a t  p e r i s e l e n e  becomes less. The reason f o r  t h e  l ack  
of uni formi ty  of t h e  geocent r ic  curves  i s  t h a t  a t  M S I  e x i t  t h e  
v e l o c i t y  of t h e  S-IVB must be added v e c t o r i a l l y  t o  t h e  v e l o c i t y  
of t h e  moon t o  o b t a i n  t h e  post-encounter s t a t e  vec to r .  The 
d i f f e r e n c e s  i n  t h e  d i r e c t i o n  of t h e  S-IVB v e l o c i t y  v e c t o r  causes  
wide v a r i a t i o n s  i n  t h e  r e s u l t a n t  g e o c e n t r i c  v e l o c i t y ,  and cor- 
responding wide v a r i a t i o n s  occur i n  t h e  o r b i t a l  c h a r a c t e r i s t i c s .  
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V. Direct Impact T r a j e c t o r i e s  

A s  shown i n  Figure 4b, trajectories f o r  which AV a t  
t h e  LOX dump p o i n t  has a va lue  between -2.5 and - 4 8  f p s  w i l l  
impact t h e  moon. 
l o c a t i o n  f o r  t h e s e  t r a j e c t o r i e s  i s  shown i n  F igure  5a. The 
l ea s t  error i n  longi tude  i s  about 50 km, and occurs  a t  -50"  
l ong i tude ,  where t h e  t r a j e c t o r y  impacts t h e  moon v e r t i c a l l y .  
As expected,  t h e  e r r o r  becomes very l a r g e  a s  t h e  t r a j e c t o r y  
approaches a g raz ing  condi t ion .  For an impact a t  180"  longi -  
tude ,  AV must be reduced t o  -1 fps  and a 3 a  e r r o r  i n  t h e  va lue  
of AV may cause t h e  t r a j e c t o r y  t o  m i s s  t h e  moon e n t i r e l y .  A 
s i m i l a r  s i t u a t i o n  occurs  f o r  impact a t  +60°, corresponding t o  
a AV of -48 fps .  Impacts on t h e  back s i d e  of t h e  moon wi th  
long i tudes  between -150" and -90"  are p o s s i b l e  wi th  a moderate 
dec rease  i n  impact accuracy. Back s i d e  impacts having p o s i t i v e  
( e a s t e r n )  l ong i tudes  are n o t  poss ib l e  us ing  d i r e c t  impacts.  
The error i n  l a t i t u d e  r e m a i n s  r e l a t i v e l y  cons t an t  a t  about 
6 0  km over  t h e  e n t i r e  range of impact longi tudes .  

The 3 a  error i n  t h e  p r e d i c t i o n  of impact 

Figure 5b i s  s i m i l a r  t o  F igure  5a except  t h a t  t h e  
nominal t r a j e c t o r y  was caused t o  impact a t  v a r i o u s  l a t i t u d e s ,  
i n s t e a d  of va r ious  long i tudes  as  be fo re .  (This  w a s  accomplished 
by o r i e n t i n g  t h e  AV v e c t o r  along t h e  angular  momentum v e c t o r ,  
i n s t e a d  of  a long t h e  v e l o c i t y  vec tor . )  The 30  error i n  l a t i t u d e  
has  a minimum of 6 0  km a t  zero l a t i t u d e ,  and i n c r e a s e s  t o  n e a r l y  
1 0 0  km f o r  l a t i t u d e s  of *70°. The 30. error i n  longi tude  i s  
almost  c o n s t a n t  a t  50 km. 

V I .  V i s i b i l i t y  of S- IVB Impact from t h e  CSM 

Figure  6 shows the  l o c a t i o n  of  t h e  CSM when t h e  S-IVB 
impacts t h e  moon f o r  t h e  same family of d i r e c t  impact t r a j e c t o r i e s  
shown i n  F igure  4b. A s impl i f i ed  CSM t r a j e c t o r y  i s  assumed i n  
which t h e  approach hyperbola i s  converted i n t o  a 6 0  x 1 7 0  nm 
a l t i t u d e  e l l i p s e  by means of a v e l o c i t y  impulse a t  LOI .  N o  p l ane  
change i s  used a t  L O I .  There a re  t w o  cons ide ra t ions  which make 
i t  d e s i r a b l e  t o  have a l i n e  of s i g h t  geometry between t h e  CSM 
and t h e  S- IVB a t  impact: 

1, The e x a c t  impact time i s  r equ i r ed  f o r  t h e  luna r  seis- 
mographs. For a f r o n t  s i d e  impact t h i s  i s  determined 
from t h e  e a r t h  by recording t h e  t i m e  t h a t  t h e  S-IVB 
t ransponder  s t o p s  t r ansmi t t i ng .  F o r  a back s i d e  i m -  
p a c t  t h e  s i g n a l  cannot be r ece ived  on t h e  e a r t h  a f t e r  
t h e  S-IVB disappears  behind t h e  moon. However, an S- IVB 
s i g n a l  could be de tec ted  from t h e  CSM provided t h a t  t h e  
two o b j e c t s  have an unobstructed l i n e  of s i g h t .  ( A t  
t h e  p r e s e n t  t i m e  t h e  CSM i s  n o t  equipped t o  r e c e i v e  such 
a s i g n a l . )  
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2 .  There i s  a g r e a t  lack  of information about t h e  
c r a t e r i n g  process  on t h e  moon caused by t h e  impact 
of an o b j e c t  as large as  t h e  S-IVB. A v i s u a l  ob- 
s e r v a t i o n  of t he  a c t u a l  c o l l i s i o n  between t h e  
S-IVB and t h e  moon would be very u s e f u l  i n  under- 
s tanding  t h e  physics  involved. 

Referr ing t o  Figure 6 ,  t h e  requirements of I t e m  1 
would be s a t i s f i e d  by us ing  t r a j e c t o r i e s  f o r  which t h e  AV a t  
t h e  LOX dump po in t  equals  -2.5 and -5.0 f p s ,  s i n c e  t h e s e  impacts 
are w i t h i n  l i n e  of s i g h t  of t h e  CSM. However, they a r e  nea r  
g raz ing  t r a j e c t o r i e s ,  and, consequently,  have a l a r g e  impact 
l o c a t i o n  e r r o r .  S - IVB t r a j e c t o r i e s  having A V ' s  equa l  t o  -10 
o r  -15 f p s  would be more s a t i s f a c t o r y  i n  t h i s  r e s p e c t  and could 
be used i f  t he  CSM w e r e  delayed about 15 minutes,  p l ac ing  t h e  
CSM approximately a t  A of Figure 6. This de lay  i s  e a s i l y  wi th in  
t h e  c a p a b i l i t i e s  of t h e  CSM propuls ion system, a s  s imula t ions  
have shown t h a t  a 15-minute delay can be achieved by us ing  a 
AV of about 1 0  f p s  a t  t h e  f i r s t  midcourse c o r r e c t i o n .  

I t e m  2 above r e q u i r e s  t h a t  S- IVB impact occur i n  day- 
l i g h t .  From Figure 6 ,  t h i s  means t h a t  t h e  S- IVB AV must equa l  
about -2 f p s  f o r  a back s i d e  impact a t  -170' l ong i tude ,  o r  about  
-45  f p s  f o r  a f r o n t  s i d e  impact a t  +23O longi tude .  Both of t h e s e  
t ra jector ies  a r e  nea r ly  g raz ing  and have l a r g e  impact l o c a t i o n  
errors. The guidance accuracy would have t o  be inc reased  t o  
i n s u r e  t h a t  impact occurred a t  t h e  d e s i r e d  loca t ion .  The crater  
formed by t h e  S-IVB should have a diameter  of about 200  f e e t ,  
subtending an ang le ' o f  about one minute of arc a t  a d i s t a n c e  of 
1 0 0  nm. This i s  about t h e  l i m i t  of r e s o l u t i o n  of t h e  naked eye ,  
b u t  t h e  c r a t e r  formation and accompanying d u s t  cloud should be 
e a s i l y  v i s i b l e  by us ing  t h e  CSM s e x t a n t  which has a magnifica- 
t i o n  of 2 8 ,  i f  app ropr i a t e  po in t ing  angles  could be made a v a i l a b l e  
t o  t h e  c r e w .  

S - I V B  impact a t  -170O longi tude  has t h e  disadvantage 
t h a t  it occurs  j u s t  be fo re  LO1 when t h e  a t t i t u d e  of t h e  CSM i s  
determined by t h e  requirements of t h e  LO1 burn. I n  a d d i t i o n ,  
t h e  crater  w i l l  be i n  s u n l i g h t  only a few hours ( s i n c e  t h e  t e r m i -  
n a t o r  r o t a t e s  i n  a clockwise d i r e c t i o n )  and could n o t  be photo- 
graphed la te r  i n  t h e  mission. Impact a t  +23O longi tude  does n o t  
s u f f e r  from these  disadvantages.  For t h i s  case  t h e  CSM i s  about 
100 '  o r  35 minutes ahead of t h e  impact l o c a t i o n  and must be de- 
layed by t h a t  amount t o  be wi th in  l i n e  of s i g h t  of t h e  impact 
l o c a t i o n  a t  t h e  moment of impac t .  Adjust ing t h e  CSM t r a j e c t o r y  
would r e q u i r e  a AV of about 2 5  fps  a t  t h e  f i r s t  midcourse cor- 
r e c t i o n .  The viewing d i s t a n c e  would be of t h e  o rde r  of 2 0 0  nm, 
b u t  t h i s  could be reduced f o r  b e t t e r  r e s o l u t i o n  by going t o  a 
c i r c u l a r  60  nm a l t i t u d e  o r b i t .  
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V I I .  Delayed Impact T r a j e c t o r i e s  

Figure 3a can be used t o  deduce t h e  approximate va lue  
of AV a t  t h e  LOX dump p o i n t  which w i l l  r e s u l t  i n  l u n a r  impact 
a f t e r  one o r  more r evo lu t ions  of t h e  moon i n  i t s  o r b i t .  
AV = -150 f p s  t h e  per iod  of the r e s u l t i n g  e l l i p s e  equa l s  1 3 . 4  
days. S ince  t h e  per iod  of t h e  moon's o r b i t  equa l s  2 7 . 3  days,  
t h e  moon w i l l  be i n  approximately t h e  c o r r e c t  p o s i t i o n  f o r  
impact a f t e r  two r evo lu t ions  of t h e  S-IVB. For AV = -100 f p s  
t h e  pe r iod  equals  2 6 . 0  days and t h e  moon w i l l  be i n  approxi- 
mately t h e  correct p o s i t i o n  a f t e r  one r evo lu t ion  of t h e  S - I D .  
Both p o s s i b i l i t i e s  would r e s u l t  i n  a f r o n t  s i d e  impact. For 
a back s i d e  impact AV must be changed t o  -85 f p s ,  r e s u l t i n g  i n  
a pe r iod  of 4 3  days,  wi th  t h e  moon loca ted  a t  an angle  of about 
115' wi th  t h e  +x a x i s  a t  impact. (This t r a j e c t o r y  is no t  shown 
i n  Figure 3a.) 
of  t h e  r e s u l t i n g  o r b i t  i nc reases  wi thout  l i m i t ,  and a luna r  i m -  
p a c t  can t h e o r e t i c a l l y  be obta ined  a f t e r  any number of revolu- 
t i o n s  of t h e  moon i n  i t s  o r b i t .  For AV = 0 t h e  pe r iod  equa l s  
2 7 . 1  days,  and only A s l i g h t  adjustment of  t h e  o r b i t  i s  r equ i r ed  
t o  achieve a back s i d e  impact. This  t r a j e c t o r y  goes through 
pe r igee  be fo re  apogee and impact. 
s i n c e  a c o r r e c t i v e  impulse could be app l i ed  a t  pe r igee  be fo re  
t h e  t r a j e c t o r y  e r r o r  becomes too l a r g e .  
d i s t a n c e  is  a minimum and, t h e r e f o r e ,  t h e  t r ack ing  e r r o r  should 
a l s o  be a minimum.) 
be r equ i r ed  both f o r  t r ack ing  purposes and f o r  supplying the  
c o r r e c t i v e  impulse. 

For 

When AV i s  reduced f r o m  -85 t o  -50 f p s  t h e  pe r iod  

This i s  a d e s i r a b l e  f e a t u r e  

( A t  pe r igee  t h e  t r ack ing  

Hardware modi f ica t ions  i n  t h e  S-IVB would 

The e r r o r  e l l i p s e  shown i n  Figure 2 is a convenient  
s t anda rd  f o r  t h e  s e n s i t i v i t y  of a t r a j e c t o r y  t o  e r r o r s  i n  t h e  
f i n a l  (APS-2) correct ion.  The delayed impact t r a j e c t o r i e s  
t y p i c a l l y  have error e l l i p s e s  which are 3 0  t i m e s  as s e n s i t i v e  
i n  t h e  l a t i t u d e  d i r e c t i o n  and 1 0 0 0  t i m e s  a s  s e n s i t i v e  i n  t h e  
longi tude  d i r e c t i o n .  These t r a j e c t o r i e s  are n o t  p r a c t i c a l  un le s s  
t h e  guidance accuracy i s  increased  a p ropor t iona te  amount. 

VIII. Summary and Conclusions 

A computer s imula t ion  w a s  used t o  determine t h e  charac- 
ter is t ics  of S-IVB lunar  impact t r a j e c t o r i e s .  The s imula t ion  
w a s  arranged t o  apply AV's a t  t h e  LOX dump p o i n t  t o  vary t h e  
g ross  c h a r a c t e r i s t i c s  of t h e  o r b i t ,  and a t  t h e  APS-2 p o i n t  t o  
determine t h e  3 0  error e l l i p s e  of impact p red ic t ion .  This i s  
a s i m p l i f i c a t i o n  of t h e  a c t u a l  procedure,  b u t  t he  r e s u l t s  a r e  
f u l l y  app l i cab le  t o  t h e  a c t u a l  case. 

A s  might be expected t h e  g r e a t e s t  accuracy of impact 
p r e d i c t i o n  occurs  wi th  t r a j e c t o r i e s  t h a t  impact t h e  moon on the  
t r a n s l u n a r  l e g  wi th  a v e r t i c a l  impact. Back side impacts can 
be achieved f o r  m o s t  western longi tudes  wi th  only a moderate 
decrease i n  accuracy. The r e l a t i v e  p o s i t i o n s  of CSM and S-IVB 
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a t  S-IVB impact can be ad jus t ed  so t h a t  t h e  impact i s  v i s i b l e  
from t h e  CSM i n  rea l  t i m e .  Such an observa t ion  or photograph 
would y i e l d  a g r e a t  d e a l  of information about the  l u n a r  crater- 
i n g  process .  However, t h e  ope ra t iona l  procedures  r equ i r ed  
would be s t r i n g e n t  as w e l l  a s  complex. 

Delayed impact t r a j e c t o r i e s ,  i n  which the  moon makes 
one o r  more r evo lu t ions  i n  o r b i t  between launch and S-IVB i m -  
p a c t ,  have a number of i n t e r e s t i n g  characterist ics.  However, 
the error involved i n  guiding t h e  S-IVB t o  a predetermined 
impact l o c a t i o n  would have t o  be cons iderably  reduced be fo re  
these trajectories could be used. 

L. P .  Gieseler 2 0 13 - LPG- j ab 

Attachments 
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